Summary: eSOjButanol has been shown to be superior to eSOjwater for measuring cerebral blood flow with positron emission tomography. This work demonstrates that it is also superior for performing activation studies. Data were collected under three conditions: a visual confrontation animal-naming task, nonsense figure size discrimination, and a nonvisual dark room control task. Time-activity curves (T AC) were obtained for regions known to be activated by the confrontation naming task to compare absolute uptake and the different kinetics of the two tracers. Also, t statistic maps were calculated from the data of 10 subjects for both tracers and compared for magnitude of change and size of activated regions. Peak uptake in the whole brain TAC were similar for the two tracers. For all regions and conditions, the washout rate of eSOjbutanol was 41 % greater than that of eSOjwater. At a threshold of 0, the [ISO Jwater and Oxygen-IS-labeled water is used routinely for mea suring CBF and performing neuroactivation studies. Ber ridge et al. (1991) report measuring CBF with CSOlbu tanol. They also estimate the permeability-surface area (PS) product of [ ls Olwater (133 mLilOO g/min) and infer that the PS product of CSOlbutanol is large enough (PS » F) to make variable extraction (as a function of flow) correction when using CSOlbutanol unnecessary. Herzog et al. (1996) 
Oxygen-IS-labeled water is used routinely for mea suring CBF and performing neuroactivation studies. Ber ridge et al. (1991) report measuring CBF with CSOlbu tanol. They also estimate the permeability-surface area (PS) product of [ ls Olwater (133 mLilOO g/min) and infer that the PS product of CSOlbutanol is large enough (PS » F) to make variable extraction (as a function of flow) correction when using CSOlbutanol unnecessary. Herzog et al. (1996) present a validation for calculating CBF with CSOlbutanol. Quarles et al. (1993) compare measuring CBF with [IIClbutanol and CSOlwater. They conclude that when using a one-compartment model to measure flow, [lSOjbutanol percent difference (nonnormalized) and t statistic (global normalization) images are nearly identical, indicating that the same property is being measured with both tracers. The eSOjbutan01 parametric images displayed at a threshold of It I = 5 look similar to the [ISOjwater parametric maps displayed at a threshold of It I = 4, which is consistent with the observa tion that t statistic values in eSOjbutanol images are generally greater. The t statistic values were equal when the eSOjbutanol parametric map was created from any subset of 6 subjects and the eSOjwater parametric map was created from all 10 sub jects. Fewer subjects need to be studied with [lsOJbutanol to reach the same statistical power as an eSOjwater-based study. Key Words: Positron emission tomography-Cerebral blood flow-[150jButanol- [ISOjWater. CSOlbutanol is the tracer of choice. However, they also state that their data are insufficient to support the claim that CSOlbutanol is a superior tracer in the application of functional brain mapping. They cite two reasons and hy pothesize another for this: (l) only three patients were compared in this part of their study; (2) since they used C 1 Clbutanol, they could not inject equal amounts of ra dioactive tracer; and (3) they hypothesize that the PS product of CSOlwater may increase during physiologic activation. If this hypothesis is true, then CSOlwater may gain an advantage under the special circumstances of functional activation studies. They suggest a method for determining the PS product of CSOlwater at different flows, but these values have not been published.
We therefore believe that the superiority of either CSOlbutanol or eSOlwater is not established for the ap plication of functional neuroanatomical imaging. How ever, we also believe that the work by Berridge et al. is compelling in that permeability properties of CSOlbuta nol are superior to those of eSOlwater. We report here a direct side-by-side comparison of the two tracers labeled with CSOl in a common activation experiment. The para-digm is a visual confrontation naming task that causes documented increases in the left and right fusiform gyri and left inferior frontal gyrus (Henry et aI., 1998) . The hypothesis that [ 15 Q]butanol is superior to [ 15 Q] water for activation studies is tested with the measured data from these areas.
MATERIALS AND METHODS

Subject selection
Ten normal subjects (5 men, 5 women), ranging in age from 21 to 34 years, were enrolled in this study approved by the Human Investigations and Radiation Safety Committees of Emory University. Written informed consent was obtained from all subjects. Subjects had completed less than 2 years of college, were right handed, and are representative of the ethnic background of Atlanta. Handedness was determined by the participant's self-report, which always was consistent with their writing hand.
Subjects were screened with complete medical, neurologic, and psychiatric histories and cardiovascular and neurologic ex aminations. All subjects had normal cardiovascular and neuro logic examinations and no history of the following: (I) head trauma; (2) meningitis or encephalitis; (3) prenatal, perinatal, or postnatal hypoxia; (4) migraine headaches or other neurologic conditions; (5) neurosurgical procedures; (6) current medical therapy; (7) 
Butanol production
eSO]Butanol was prepared from the corresponding tributyl borane precursor using a modification of a previously described method (Kabalka et aI., 1985; Berridge, 1992) . Oxygen-15-labeled O2, 660 mCi, was produced by proton irradiation of C5N]N2. A lO-mL volume target was pressurized to 200 psi with a mixture of 99% enriched C5N]N2 plus 1% O2 (volume/ volume) (Isotec, Inc., Dayton, OH, U.S.A.) gas, then irradiated with 40 f.LA of II-MeV protons (Siemens RDS 112 cyclotron, Knoxville, TN, U.S.A.). The production was controlled by a computer command file that loaded and irradiated thc target. When requested by by the operator, the beam on target was stopped, and approximately 80% of the target contents were released, producing a bolus of [150] 02, The target then was reloaded, and the beam placed back on target to continue e50]02 production. The CSO]02 bolus was swept in a He stream onto an alumina Seppak (Waters, Milford, MA, U.S.A.) containing 154 mg of tributylborane. The output from the col umn was typically 358 mCi of C50]butanol in an average radiochemical yield of 55% (n = 9) calculated to end of bom bardment. The total synthesis/purification time was 3 minutes, with a radiochemical purity of 98% and a specific activity of 6500 mCi/mmol.
Water production
llSO]Water was prepared by combining oxygen-15-labeled O2 with hydrogen (H2) over a heated palladium catalyst. After preparation of oxygen-15-labeled O2 as described earlier, ap proximately 25% of the target contents were remotely unloaded and swept with the aid of a scavenger gas (He) to the palladium catalyst column, where it was mixed with hydrogen and air (high-purity medical grade). The hydrogen and air flow rates were set at 2 mLis and 4.77 mLls, respectively. The 1502 and H2-air mixture was passed through a column of palladium coated alumina pellets (0.5% weight/weight) heated to 150aC, yielding 500 mCi of CSO]water at end of synthesis, with a radiochemical purity of 98%.
Activation paradigm
Visual confrontation animal naming, visual size discrimina tion of unnamable nonsense figures, and nonvisual (dark envi ronment) counting activation scans were collected for each sub ject. We term these tasks naming, sizing, and dark counting, respectively. The order of tasks was pseudorandomized across subjects. The sequence was repeated three times for a total of nine acquisitions (three repetitions for each of the three tasks). Each visual stimulus for the naming and sizing tasks appeared on a computer monitor for 1 second, with 2 seconds between stimuli. The computer generated an audible beep when each new stimulus was displayed (every 3 seconds). The subject was asked to view the monitor and to make a single, brief statement concerning the stimulus. The computer beep and the subject's statement were recorded. For the dark counting task, the subject was blindfolded, and the entire scan room darkened. The same computer program was run, and the subject was asked to count the beeps aloud.
The sizing task was observing a series of Attneave figures, which are abstract figures that cannot be readily named and do not typically elicit cognitive or emotional associations (Attneave, 1957; Van der Plas, 1959) . The figures were pre sented in either of two sizes, and the subject was asked to state aloud either, "That is a large figure," or "That is a small figure. "
The naming task was visual confrontational naming of a series of line drawings of common and uncommon animals. Subjects were instructed to say, "That is a [the name of each animal presented on the screen]." A ditIerent set of 28 figures was used for each acquisition.
Scanning and image processing
Nine acquisitions were acquired on each of 2 days for each subject. One day, the studies were performed with [lsO] butanol and the other, with [ISO] water. The first three subjects were scanned with a nine-frame sequence lasting 90 seconds (nine frames, 10 seconds each). It became obvious that additional time information would be useful, so the last seven subjects were scanned with a nine-frame sequence over 240 seconds (five frames, 10 seconds each followed by single frames of 20, 40, 60, and 90 seconds, respectively). The additional data were used for the time-activity curves (TAC) only-all image analy ses (t statistic and percent change) were performed on summa tion images over the first 70 seconds of scanning. All injections were 45 mCi. The task was started simultaneously with tracer injection, and the scan acquisition was started 10 seconds later. The task was performed for 90 seconds, and the patient re mained at rest for the duration of the acquisition and until the next injection 6 minutes later (10 minutes between injections).
All studies were acquired on a Siemens 951 scanner in two dimensional mode. This scanner has a 10.5-cm axial field of view that is reconstructed into 31 transaxial planes. After the subject was positioned on the bed, a thermoplastic mask (Tru Scan Imaging, Inc., Annapolis, MD, U.S.A.) was used to re strict cranial motion. Subjects were positioned in the scanner so that the temporal lobes were definitely in the field of view.
Because of the limited field of view, the vertex of the brain was not scanned on most subjects. During scanning, the peak count ing rate was typically 250,000 cps prompts and 50,000 cps randoms. The maximum dead time correction was about 1.26 during the fourth or fifth frame. Images were reconstructed with a ramp filter to the Nyquist frequency and calculated attenuation correction. The images then were filtered with a three-dimensional Hanning filter with 1 cycle/cm cutoff. The resolution in the final images is 11.8 cm in all directions.
For registration, all nine frames of the acquisition were added together. All images for each subject were corrected for motion that may have occurred during the acquisition by reg istering in three dimensions (rotations and translations about all axes) all subsequent images to the first using the methods of Woods et al. (l998a) . This registration approach also was used to align in three-dimensions the first frame of the functional image set to a magnetic resonance image (Woods et aI., 1993) . Each anatomical image then was warped into a standard space using the methods described by Woods et al. (1998b) . The standard was a mean anatomical magnetic resonance image created by aligning and averaging IS normal volunteers and then manually translating, rotating, and scaling the mean image to fit into the coordinate system described by Talairach and Toumoux (1988) . This standard image consisted of 47 slices of 3-mm thickness; each slice was 121 x 95 pixels of dimension 1.5 x 1.5 mm. The registration (functional to anatomical) and warping (anatomical to standard) transforms were combined and applied to each image of the functional data set so that all images of each subject were in the same standard coordinate space.
To perform a comparison of absolute changes, percent change images of the first 70 seconds of data collection were created without normalizing the data. The naming and sizing images were paired, and percent difference images were cal culated. These percent difference images then were averaged across all replications and subjects.
Data analysis
Parametric images. Parametric images were calculated on the 70-second summation images. Each positron emission to mography (PET) image volume was normalized by the average intensity of its pixels within the brain. Only pixels common to all acquired images, as determined by the alignment to the standard, were used to calculate the average.
A three-way analysis of variance was applied to the PET studies using subject, repetition, and scan condition as factors. Linear contrasts were computed to test whether the mean pixel intensities were different between control and task states (Neter et aI., 1990) . The model assumed that there were no interactions between variables.
Time-activity curves. Time-activity curves for specific structures were determined by drawing approximately 2-mL regions of interest (ROI) over the left and right anterior fusi form gyri, the left inferior frontal gyrus, and the posterior cin gulate and recording the nondecay corrected radioactivity con centration. Each of these ROI covers the pixel of maximum intensity on both the eSO]water and eSOlbutanol t statistic images and was drawn to include the surrounding area where peaks on the two image sets overlap. A large whole-brain ROI was determined as the intersection of the scanned brain regions for all subjects. The TAC data were examined two ways: with out normalization, and after dividing by the integral of the whole brain T AC. The first case allows comparison of absolute uptake and kinetics between the two tracers, whereas the latter corresponds to the usual method to analyze data from activation studies.
J Cereb Blood Flow Metab. Vol. 19. No.9. 1999 The TAC were fit to the following empirical function by nonlinear least squares fitting:
Here, a is sensitive to the amplitude of the curve, to accounts for the time delay between injection and arrival of activity in the brain, and kr and kf are rate constants that describe the rise and fall of radioactivity in the brain region. F(t) has a maxi mum of
Fitting the data has the advantages of smoothing the data, allowing rapid evaluation of different imaging scenarios, accu rate interpolation between measured points, and enabling the differences in kinetics to be described with four parameters. More importantly, it allows accurate determination of the delay between injection and arrival of activity in the brain, which varies greatly between subjects. Parameters for population av erage curves were determined by first fitting individually each T AC to determine to, then time shifting the data, averaging across the population, and fitting equation I to the average TAC. Arrival time for tracer entering the brain is defined as the time when the whole-brain activity concentration reaches half the maximum calculated from equation 2. water. If pixels with less than 0.5% change in either data set are eliminated (because small changes are more susceptible to noise), there is 85% agreement in direction, and if the threshold is raised to I %, the agreement is 92%. (These figures are for the entire data set, not just the image slices shown.) Figure 2 is a histogram of the ratio of change mea sured with [ ls O]butanol to that measured with eSO]wa ter for pixels that either increase or decrease by more than I % in both. Considering both increases and de creases greater than 1 %, the eSO]butanol change is an average factor of 1.35 (1.34 for the normalized data) greater than the eSO]water change. In the left anterior fusiform gyrus, the increase is 9.35% for eSO]butanol and 7.68% for eSO]water. If each scan is normalized by the average whole-brain activity before analysis, the change is 3.29% for [ ls O]butanol and 2.75% for [ lS O]water.
The overlap between eSO]water and eSO]butanol naming versus sizing t statistic parametric maps is shown in Fig. 3 . By comparing with Fig. I , it can be seen that the effect of normalizing each scan by the global mean uptake (as is done in Fig. 3 ) is minimal. The fraction of pixels that agree in sign between the C 5 0]butanol and Figure 5 shows images of the [ISO]water study with 10 subjects and the four [ ls O]butanol analyses with subsets of 6 subjects all displayed at a threshold of It I = 3.5. In the left anterior fusiform gyrus, the maximal t score av- 
Time-activity curves
Representative fits of Eq. I to measured data are shown in Fig. 6 for one subject (subject IS). Across all nine time points, three conditions, and three replications, the root mean squared deviation of the data from the fit curve is 85 nCi/mL. By contrast, the root mean squared deviation of the data across replication for similar con ditions is 140 nCi/mL, indicating that there is not a sig nificant difference between the data and model equation.
Activity concentration in the brain reached half its maximum at 19 ± 3 seconds after injection. There was no significant difference between butanol and water arrival times. Whole-brain T AC averaged across all subjects, after alignment in time, are displayed without normal ization in Fig. 7 . At approximately 70 seconds after ac tivity enters the brain, the fusiform gyrus, the peak uptake and total collected counts in the [ISO] water data are approximately 5% greater than the corresponding eSO]butanol-based val ues, The fit parameters for these conditions are listed in Table 1 . Averaging across all conditions for the whole brain ROJ, the [lsO]butanol rise rate is 37% less (0.150 versus 0.096 S-I ; SD = 0.031), and its washout rate is 41 % greater (0.0071 versus 0.0100 S-I; SD = 0.0016).
The TAC for the left anterior fusiform gyrus normal ized to the average uptake in the whole brain for the to the measured ROI data, data points, for the left anterior fusi form gyrus. naming and figure sizing scans are shown in Fig. 8 . Figure 9 shows the activation signal (naming minus siz ing in the left anterior fusiform gyrus) as a function of scan duration after activity entering the brain. 
,-------------------,
DISCUSSION
Our studies provide strong evidence that e 5 0]butanol is a superior tracer to r 15 0]water for performing activa tion studies. Figures I and 3 demonstrate that both trac ers are measuring the same phenomena. When the threshold is set to 0 on either the absolute percent dif ference images or the whole-brain normalized images, we observed that the radioactivity uptake changes in the same direction for both tracers as a function of task. However, the TAC data, as well as the t statistic para metric maps, indicate that the corresponding pixels change by a greater amount, approximately 25% greater, between tasks when [ ls O]butanol is used rather than eSO]water. This leads to greater statistical power when using eSO]butanol. Or, results that have similar statisti cal significance can be obtained by studying fewer pa tients when using e 5 0]butanol.
Figures 3 though 5 highlight regions of pixels that have t statistic values greater than certain thresholds. Friston et al. (1994) have described how to use the threshold and spatial extent to determine the significance of these focal regions. The greater the threshold and number of pixels above the threshold, the more signifi cant the finding. It is clear from Fig. 4 that more pixels are above a given threshold when [ ls O]butanol is used, implying that an activation study using e 5 0]butanol is more likely to find significant sites of activation.
[ 15 0]Butanol has a larger PS product than e 5 0]water, which implies that a greater fraction of [lsO]butanol crosses into the brain during a capillary transit (Berridge et aI., 1991) . Using their val ue of PS = 133 mUmin! 100 g, the extraction (E = 1 -e-pslF ) of e 5 0]water at resting flow (assume 60 mUminll 00 g) is 91 %, whereas the extraction of e 5 0]butanol is expected to be near 100%. Based on this, the r ls O]butanol TAC in Fig. 7 were ex pected to be about 10% higher than the e 5 0]water T AC. Because, in all other respects, the e 5 0]butanol behaved as expected, it is likely that about 10% less e SO]butanol was delivered to the brain than in the comparable [ 15 0]water studies. A trivial cause could be that eSO]bu tanol sticks in the intravenous tubing or injection syringe. The intravenous tubing was not moved between injec tions and so was not assayed. However, throughout the chemistry development, the amount of activity remaining in transfer lines was measured and found to be negli gible, so we do not believe that activity remaining in the injection apparatus can explain the less-than-expected uptake of [ l s O]butanol.
The amount of activity measured in the brain is af fected by many factors. The tracers pass through the heart twice and the lungs once before entering the brain. Because the volatility of e 5 0]butanol is much greater than [ 15 0]water, more [ 15 0]butanol activity is expected to be released during passage through the lungs. This would be expected to affect the amount of radioactivity and the profile of the input function that reaches the brain. Differences in cardiopulmonary kinetics may ex plain why the measured rate of rise of [ 15 0]butanol is less than that of [ IS O]water (Fig. 7) . It is unknown to what extent, if any, the above factors are involved in the less-than-expected uptake of [ ls O]butanol. In any case, since the activity in the brain is the same for both tracers, the uncertainty resulting from the Poisson nature of ra dioactive decay also is similar. Therefore, the improved After activity has entered the brain tissue compart ment, a greater PS product, with all other factors con stant, will result in faster tracer clearance. This is clearly observed in Figs. 6 and 7, where the e 5 0]butanol TAC fall much faster than the eSO]water curves. In this re spect, e SO]butanol appears to behave, as expected, as a tracer that is more freely diffusible than [ 15 0]water. However, notice that the observed clearance rate is a function of the input function as well as the PS product. It could be that the faster clearance of eSO]butanol re sults, at least in part, from a faster decline of the [ ls O]bu_ tanol input function. Since eSO]butanol behaved as ex pected except in its uptake, it is likely that the slower rise time and lesser uptake observed for eSO]butanol is caused by differences in the profile of the input function that is delivered to the brain. Future studies would ben efit from collecting arterial blood samples. The similarities of the whole-brain tissue T AC for the same tracer in Fig. 7 indicate that the global CBF changes little across the three tasks in this study. Based on this observation, in this study the variation may be reduced by normalizing by the average whole-brain up take without introducing artifactual increases or de creases in differential tracer uptake. Examination of ra dioactivity uptake in the left anterior fusiform gyrus ( Reliability of the chemistry is not an issue, since there were no chemistry-related failures for either eSO]water or CSO]butanol during this study. However, the produc tion of eSO]butanol is a radiochemically less efficient process than CSO]water production, requiring nearly four times the amount of enriched CSN]N 2 . Therefore, although an activation study using [l s O]butanol can be completed using approximately 60% of the number of doses, the realized savings will be less than 40% com pared with [ISO] water because of the increased produc tion costs. However, since the cost of scanner and cy clotron time are the major determinants of the cost of a PET study, the same experiment using [ less expensive than an experiment using CSO]water. The conclusion holds whether the experiment is to determine the average activation pattern in the population or if the goal is to measure the activation pattern of a particular individual. Functional magnetic resonance imaging is now com monly used to functionally map the brain (Kwong et aI., 1992) . It has the advantage of allowing many more rep licates to be acquired in a shorter time and thus has some statistical advantages. However, there are situations where functional magnetic resonance imaging studies cannot be performed. These include when the large mag netic field, the sound from the gradient coils, the sensi tivity to motion, or the confining nature of the main magnetic field coil prevent exerting the desired control over the state of the subject. For this reason, increasing the sensitivity of the PET activation technique is critical.
This work used group averages for all of the analyses. The increased difference signal from CSO]butanol also should make activation studies on individuals more sen- sitive and bears further investigation. The extent of the improvement depends on the main source of variation in the data set. If it is intersubject variability, then activa tion studies on individuals are more likely to be success ful because variability decreases whereas signal remains high. There are several situations where the increased sensitivity (and thereby fewer replications) would enable activation research into normal brain function or patient evaluations with PET that might not be possible with functinal magnetic resonance imaging. These include the following: (lJ when the task or condition is a safety hazard if repeated but safe in rare occurrence, such as inducing certain types of seizures; (2) when performance of the task leads to change in brain function, such as motor or cognitive learning; and (3) when the activation stimuli may cause a subsequent change in either baseline or activated brain-blood flow, such as direct brain elec trical stimulation.
CONCLUSION
A side-by-side comparison of [lsO]butanol and [ISO]water has been performed. The same subjects were studied twice with the only difference being the tracer used. Both tracers appear to be measuring the same phe nomena in that the experimental manipulation causes up take of the tracer to change in the same direction. In the group analysis, the t statistic values for the [lsO]butanol experiment are greater than the corresponding values for the eSO]water experiment.
The greater t statistic values appear to result from the higher PS product of eSO]butanol, which allows [IS0] _ butanol to enter and clear the brain much faster than eSO]water. It was anticipated that this would cause the eSO]butanol uptake to be greater than eSO]water uptake for equal injected doses but, due to affects prior to the tracer reaching the brain, the global uptake is approxi mately equal for the two tracers. However, the difference in uptake between high and low flow states is greater for eSO]butanol, which leads to a greater difference signal.
Subject and experimenter variation are the same for the [lsO]butanol and eSO]water experiments in this work. And, since the total uptake is nearly the same, the radioactive counting statistics are roughly equal, which leads to nearly the same variation in the data for either CSO]butanol or CSO]water studies. All other factors be ing equal, the greater difference signal between on-task and control conditions for eSO]butanol leads to greater t statistic values. The most important advantages are less scan and cyclotron time to obtain comparable data and less radiation exposure either to individual subjects or to a study group. The greater signal may be traded off against the number of subjects studied to allow identify ing an activation as significant with fewer SUbjects. Or, with the same number of subjects, regions of weaker activation may be identified with eSO]butanol. In this study, data from 6 subjects with eSO]butanol give the same result as data from 10 subjects with [ISO] water.
